We are now in an era where alternative splicing (AS) in plants is widely recognized as an essential and important level of regulation of gene expression and of transcriptome and proteome diversity likely to contribute to plant adaptation and speciation Carvalho et al., 2013; Reddy et al., 2013; Staiger and Brown, 2013) . The number of plant AS articles published per annum has risen steadily over the last 15 years and has doubled in the last 5 years. Currently, the observed number of intron-containing genes showing AS in plants can be up to 70% (Chamala et al., 2015) , including the model plant Arabidopsis thaliana with .61% of genes with AS . RNA-seq is generating vast amounts of new information on transcript variants and AS events in a wide range of plant species, and newer technologies will help to define isoform variants by generating sequences of full-length transcripts. Exploitation of these data requires the accurate deciphering of AS transcripts ultimately to allow dynamic variation in transcript isoforms to be assessed during development and under different environmental conditions. The growing interest in AS and the potential pitfalls of using incorrect transcript annotation motivated us to write this short article.
Alternative splicing generates proteome diversity and affects protein abundance by regulating transcript levels via nonsensemediated decay (NMD) (Schweingruber et al., 2013) . A number of recent high-profile publications demonstrate the importance of AS and differential functions of AS variants in, for example, organ development (Zhang and Mount, 2009) , flowering time control and the circadian clock (Sanchez et al., 2010; James et al., 2012; Posé et al., 2013; Li et al., 2015) , light signaling (Shikata et al., 2014) , dark-light retrograde signaling from chloroplast to nucleus (Petrillo et al., 2014) , and zinc tolerance (Remy et al., 2014) . AS of around 18% of Arabidopsis genes generates unproductive mRNA transcript isoforms that are degraded by NMD, which modulates transcript levels thereby regulating levels of protein produced from a gene Drechsel et al., 2013) . One recently described function for AS/NMD is in regulating plant-pathogen responses (Gloggnitzer et al., 2014; Wachter and Hartmann, 2014) . AS therefore represents an important level of regulation of gene expression and must be considered by plant scientists in their goal of understanding gene function and plant biology.
We believe that awareness needs to be raised about the annotation of protein coding potential of some AS transcripts. TAIR transcript models are presented based on the gene exon-intron structure and with open reading frame (ORF) information. However, the program that generates the translational models identifies and illustrates the longest open reading frame. This is most likely due to automated genome annotation programs often dismissing shorter ORFs (less than approximately 100 amino acids) so as not to predict false-positive ORFs and thereby leading to annotation of an AUG downstream of the authentic translation start site. We use "authentic" here to denote the AUG that is used in the translation of the transcript from the gene that gives the expected protein and that, if present in alternatively spliced transcripts, will be used for translation. The consequence is that in numerous cases where translation from the authentic translation start site would encounter a premature termination codon (PTC) and generate a short ORF, instead a downstream AUG is suggested (by annotation software) as the translation start site. Often, this creates a transcript model that contains multiple exons/introns upstream of the suggested translation start site and an extended and unlikely 5# untranslated region (UTR) ( Figures 1A to 1D ). In addition, not only is the authentic translation start site ignored but often other AUG and stop codons in the three reading frames are discounted. For example, POLYPYRIMIDINE TRACT BINDING PROTEIN2 (PTB2) is known to autoregulate its transcript levels by AS/ NMD through the inclusion of exon 4 (which contains a PTC) (Stauffer et al., 2010; Rü hl et al., 2012 ). The TAIR model of this transcript (AT5G53180.2) shows an AUG in exon 3 that recreates the ORF; however, translation from the authentic start site generates the PTC in exon 4 ( Figure 1A ), which targets the transcript for degradation by NMD, consistent with experimental data Rü hl et al., 2012) . Similarly, VRN2 has a transcript (TAIR model AT4G16845.2) that retains intron 2 (I2R) and has an annotated AUG in exon 4 that recreates the ORF ( Figure 1B) . However, translation from the authentic translation start site would generate a PTC within the retained intron 2 sequence. The clock gene PRR9 has an alternative 5# splice site in intron 2 that adds eight nucleotides, thereby changing the reading frame and generating a PTC in exon 3 triggering NMD (Sanchez et al., 2010; Kalyna et al., 2012) . However, the TAIR model (AT2G46790.2) has an annotated AUG in exon 3 that recreates the reading frame, while translation from the authentic translation start site generates a PTC in exon 3 ( Figure 1C ). This problem goes beyond TAIR as new variants are discovered and new assemblies are generated. For example, a transcript where intron 4 is retained has been identified for the clock gene CCA1 ( Figure 1D ). Translation from the authentic start site would stop at a PTC in intron 4; however, erroneous annotation has suggested that an AUG in exon 5, which recreates the reading frame for the C-terminal half of the CCA1, is the translation initiation start codon ( Figure 1D ).
It is also important to note that while many transcripts with PTCs are targets of NMD, in plants, transcripts with a retained intron are not NMD-sensitive (e.g., Figure 1D , CCA1 I4R) (James et al., 2012; Kalyna et al., 2012; Marquez et al., 2012; Leviatan et al., 2013) . PTB2 (A), VRN2 (B), PRR9 (C), and CCA1 (D). In all cases, the top two transcripts are redrawn from TAIR. In (A) to (C), the third transcript (boxed) shows the consequence of translation beginning at the authentic translation start site AUG and terminating at a premature termination codon. All three transcripts have been shown to be NMD-sensitive . In (D), the second TAIR transcript is truncated, beginning in intron 4. The third and fourth transcripts show intron retention of intron 4 (I4R), the third is redrawn from Seo et al. (2012) , and the fourth transcript (boxed) shows the This is due to such transcripts being retained in the nucleus (Gö hring et al., 2014) and, therefore, not encountering translation or the NMD machinery Leviatan et al., 2013) . Indeed, gene expression in eukaryotes can be stalled by intron retention to control developmental transitions or stress responses (Yap et al., 2012; Boothby et al., 2013; Shalgi et al., 2014; Boutz et al., 2015) . Transcripts containing intron sequences are recognized as incompletely processed and remain in the nucleus until introns are removed posttranscriptionally when, for example, a stress condition is removed or at a particular developmental stage (Boothby et al., 2013; Shalgi et al., 2014; Boutz et al., 2015) . In these cases, clearly, annotation of protein coding potential of intron retention transcripts is actually the same as for fully spliced isoforms.
Assuming that translation of some AS isoforms starts at a downstream AUG instead of the authentic AUG can lead to erroneous hypotheses, experimental design, results, and conclusions. To avoid such misinterpretation, it is necessary to apply basic molecular and biochemical knowledge to understand the likely fates of different transcripts. We should remember the rules of translation and that ribosomes do not refer to genome annotation programs (and databases) before translating a message ( Figure  2 ). In eukaryotes, translation initiation is usually cap dependent with a cap binding complex recruiting the mRNA and the 40S ribosomal subunit scanning to the AUG translation start site. The AUG must be in the proper sequence context to be used as the initiation codon by the translation machinery (Kozak, 1999 (Kozak, , 2002 Lukaszewicz et al., 2000) . On encountering a stop codon, translation terminates with the release of the polypeptide, mRNA, and dissociation of the ribosomal subunits. Therefore, in the majority of cases, translation will start at the authentic AUG and terminate when a PTC is encountered. Exceptions involve reinitiation of translation, use of internal ribosome entry sites, or leaky scanning when the first AUG is in a weak context, and a further potentially confounding factor is the use of noncanonical translation start sites. The potential for reinitiation of translation at a downstream AUG parallels the situation with genes containing upstream open reading frames (uORFs) in their 5#UTRs. If a uORF is recognized and translated, it can affect gene expression by a variety of mechanisms: coding for an active peptide, affecting translational efficiency, or reducing transcript levels by triggering NMD (Morris and Geballe, 2000; Meijer and Thomas, 2002; Kalyna et al., 2012; Liu et al., 2013; Remy et al., 2014) . Although in some genes reinitiation after uORF translation can occur, this process is generally thought to be inefficient (Meijer and Thomas, 2002; Kochetov et al., 2008) . Indeed, Arabidopsis genome-wide ribosome profiling detected the use of only 35 potential downstream AUGs in a total of 31 genes (Liu et al., 2013) . Similarly, the use of internal ribosome entry sites in cellular mRNAs is thought to be inefficient and rare (Jackson, 2013) . In general, ribosome profiling data could be used to determine translation start codon usage, but currently these data are scarce.
In conclusion, before planning experiments, it is necessary to look closely at the transcript variants of a gene and predict, as far as possible, likely fates of specific transcripts. Transcript variants should be translated in silico using the authentic translation initiation AUG or at least the AUG common to most transcripts of a gene. This will allow the detection of PTCs that potentially trigger NMD and thereby unproductive AS isoforms. Predicted NMD transcripts can be experimentally validated by testing for NMD sensitivity. Publicly available NMD data (for example, by Drechsel et al. [2013] , at http://gbrowse.cbio.mskcc. org/gb/gbrowse/NMD2013/) can be also used to check whether an AS event triggers NMD. It is also important to bear in mind that In translating an alternatively spliced transcript containing a PTC, the ribosome encounters the authentic AUG and would begin translation. Some transcript misannotations suggest that that the ribosome would ignore the authentic translation start site and continue downstream to an AUG, which would generate an open reading frame. many plant intron retention transcripts, despite containing PTCs, avoid NMD by nuclear retention and may be spliced posttranscriptionally to yield fully spliced transcripts and protein. Similarly, in silico translation will clearly define in-frame alternative splicing events and will also identify transcripts that potentially generate proteins with altered C-terminal sequences. This allows more accurate identification of potential functional changes in protein isoform sequence and structure. Studies designed to experimentally address the coding potential of AS variants should ideally use the original gene sequences including introns, the 5# and 3# UTR such that alternatively spliced transcripts contain their authentic complement of RNA binding proteins (e.g., the exon-junction complex), any regulatory elements in UTRs, and the translation start codons are in their authentic context. N-and C-terminally tagged versions of the gene in question can be used to test experimentally for the production of protein isoforms from alternatively spliced transcripts by, for example, immunoblotting. With the growing use of RNA-seq, it is important to understand the potential problems caused by misannotation of AS transcripts. Time invested in understanding and validating the possible fates of transcript variants is time well spent, and we can look forward to exploiting the power of RNA-seq and opening up new and exciting plant discoveries.
